We reported previously that, when exposed to high osmotic pressure, Lactobacillus acidophilus IFO 3532 cells accumulated N,N,N-trimethylglycine (glycine betaine), which serves as a compatible intracellular solute. When grown in medium with high osmotic pressure, these cells also accumulated one amino acid, proline. The uptake of [31H]proline by resting, glucose-energized cells was stimulated by increasing the osmotic pressure of the assay medium with 0.5 to 1.0 M KCI, 1.0 M NaCl, or 0.5 M sucrose. The accumulated [3H]proline was not metabolized further. In contrast, there was no osmotic stimulation of [3H]leucine uptake. The uptake of proline was activated rather than induced by exposure of the cells to high osmotic pressure. Only one proline transport system could be discerned from kinetics plots. The affinity of the carrier for proline remained constant over a range of osmotic pressures from 650 to 1,910 mosM (K,, 7.8 to 15.5 mM). The Vmax, however, increased from 15 nmol/min/mg of dry weight in 0.5 M sucrose to 27 and 40 nmol/min/mg of dry weight in 0.5 M KCI and in 1.0 M KCI or NaCl, respectively. The efflux of proline from preloaded cells occurred rapidly when the osmotic pressure of the suspending buffer was lowered.
Many nonhalophilic osmotolerant bacteria respond to increased osmotic pressure by accumulating compatible solutes or osmolytes to high intracellular levels (reviewed in references 2, 3, and 6). Exposure of the cells to high osmotic pressure results in the rapid efflux of intracellular water, which leads to a decrease in cell volume and a decrease in turgor pressure. The accumulation of osmolytes raises the internal osmotic pressure, thus maintaining turgor. Among the most prominent compatible solutes are a relatively few amino acids, such as glutamate, glutamine, alanine, and proline, and amino acid derivatives, such as glycine betaine (N,N,N-trimethylglycine). Both proline and glycine betaine, when supplied in the medium, are accumulated by enteric bacteria and serve as osmoprotectants (7, 12, 13, 19, 20) .
In the best understood systems, Escherichia coli and Salmonella typhimurium, a complex response in solute transport is observed when the cells are stressed by an increase in medium osmolarity. There is an initial increase in the transport and accumulation of K+ ions (5, 18) , as well as an increase in the synthesis of glutamate, which serves as the counterion (2) . When a critical concentration of intracellular K+ is reached, the expression of various osmotically responsive genes is stimulated. These genes include proP and proU, whose products are the transport systems for proline and glycine betaine (betaine). The stimulation of proU gene expression by potassium glutamate in an in vitro system has been shown to occur at the transcriptional level (9, 14) . Betaine, when available, is the compatible solute of choice for these organisms. In addition to induction, high osmotic pressure increases the activity of the transport systems, both in intact cells and in membrane vesicles (10) . The grampositive bacterium Bacillus subtilis also responds to increased osmotic pressure by the initial uptake of K+ ions, followed by the accumulation of endogenously synthesized proline (19) . When betaine is present in the medium, proline * Corresponding author.
biosynthesis is inhibited and betaine is accumulated to high levels in preference to proline.
We reported previously that, when exposed to high osmotic pressure, Lactobacillus acidophilus IFO 3532 cells accumulated betaine, which serves as a compatible intracellular solute (8) . Betaine uptake was found to be activated but not induced by exposure of the cells to high osmotic pressure. Furthermore, these organisms did not accumulate carbohydrates (reducing sugars), K+, or amino acids, except for proline. In cells growing in MRS medium containing 1.0 M KCl or NaCl, the intracellular proline concentration increased to levels five-to sixfold higher than those observed in unstressed cells (8) .
In this report, we present evidence that L. acidophilus IFO 3532 cells possess a low-affinity proline transport system that, like the betaine transport system, is activated but not induced by increased osmotic pressure. 200 ,ul of water. The tubes were placed in a boiling water bath for 15 min and centrifuged, and the pellets were reextracted with water as described above. The extracts were pooled and dried under vacuum, and the dried material was dissolved in 20 ,l of water and chromatographed on silica gel thin-layer chromatography plates (Si250-PA; J. T. Baker Chemical Co., Phillipsburg, N.J.) with water-saturated phenol-ethanol-water (10:4:4) and n-butanol-acetic acid-water (12:3:5) as the mobile phases (4). One-centimeter sections were scraped off the dried plates and counted for radioactivity. The (8) , and that of betaine, which is activated by increased osmotic pressure (8) . The uptake of proline by MRS-KClgrown cells occurred in response to increased osmotic pressure. When 0.5 M KCl was added to the assay buffer, proline uptake was faster than that seen in buffer alone (Fig.  1A) . Proline (50 mM) responded to osmotic pressure in the same way as betaine (2 mM Like betaine transport in this organism, proline uptake required the addition of glucose as an energy source (data not shown). The two systems are separate, however, since betaine (2 mM) did not affect the uptake of 0.1 to 25 mM proline in buffer containing 1 M KCI and proline (20 mM) did not affect the uptake of 0.2 mM betaine (8) .
MATERIALS AND METHODS

Growth
In contrast to the uptake of proline and betaine, which remained linear for at least 20 to 40 min in these experiments, leucine uptake reached a plateau within 5 to 10 min. More important, with leucine uptake, there was no pattern of stimulation of uptake by increased medium osmolarity.
The stimulation of proline uptake was not due to a specific effect of KCl but was caused by the increase in medium osmolarity, since NaCl and LiCl had the same effect. Moreover, when cells were grown with 0.8 M NaCl instead of 0.8 M KCl added to MRS medium, the same stimulation of proline uptake was seen when either NaCl or KCl was added to the assay buffer. In addition, sucrose also stimulated proline uptake ( Kinetic constants for proline uptake. Only one transport system was discernible in kinetics plots of uptake rates versus extracellular proline concentrations. In contrast to the betaine transport system in this organism, which has a K, of 50 ,uM (8) of the transport carrier for proline does not change with increasing osmotic pressure.
The rate of transport, however, was affected by the medium osmolarity (Table 1 ). With 0.5 M sucrose the Vmax (14.8 nmol of proline taken up per min per mg of cell dry weight) was significantly lower than with 1 M salt or with 0.5 M KCI (40 to 45 or 27 nmol/min/mg of cell dry weight, respectively). The rate of uptake of proline observed in buffer without added osmolytes was too low to be accurately measured, even at saturating concentrations of substrate (Fig. 1A) ; therefore, kinetic parameters could not be measured without carrier activation.
Activation of proline uptake. Activation of proline uptake by increasing the medium osmotic pressure was found to be similar whether the osmolyte saturated the transport system or not (Fig. 2) . Thus, 50% activation was seen with approximately 0.45 M KCl added to the buffer (840 mosM), whether proline uptake was tested at 90 F.M, 2.5 mM, or 20 mM. No activation was seen below 0.3 M KCl.
Efflux of proline. In contrast to the slow uptake of proline in response to an increase in osmotic pressure, the internal concentration of proline was found to respond rapidly to decreases in medium osmolarity (Fig. 3) . Proline which had been accumulated in buffer containing 0.5 M KCl was found to efflux within 1 min when preloaded cells were centrifuged and resuspended in buffer without added salt. The cells retained less than 10% of the proline. Rapid but less extensive efflux was seen when the dilution buffer contained 0.5 M KCl. In this case, 70 to 80% of the proline was retained. This rapid efflux occurred in glucose-energized cells, whether the cells were resuspended in buffer containing 50 mM proline or not. Adjustment to decreased osmotic pressure does not seem to involve the proline transport system. Rapid efflux of accumulated proline was seen when the osmotic pressure of the medium was decreased suddenly. The efflux took place in fully energized cells and was unaffected by high concentrations of external proline. The resulting decrease in internal osmotic pressure presumably resulted in the reestablishment of cellular turgor. The efflux of osmolytes has been observed in other organisms subjected to osmotic downshock, including the halophile Ectothiorhodospira halochloris (17) and E. coli (16) . In E. coli a rapid efflux, lasting less than 2 s, resulted in the loss of intracellular solutes, endogenous nucleotides, and K+ but not of acid-precipitable macromolecules. The nonspecific leak was followed by a rapid restoration of the permeability barrier of the cell membrane. It is possible that proline and betaine efflux by osmotically downshocked lactobacilli is due to a similar nonspecific leak in the cell membrane.
L. acidophilus IFO 3532 was found to possess only a single proline transport system that is osmotically activated and has a low affinity for proline. In other organisms capable of accumulating proline as a compatible solute, there is generally more than one transport system for this solute and at least one system is responsive to changes in osmotic pressure. In Staphylococcus aureus, there are two proline transport systems, one of which is osmotically activated (1) . E. coli transports proline by the PutP system and also by the osmotically induced and activated ProU and ProP systems (3, 6, 7, 20) .
In Lactococcus spp., proline is a poor nutrient and peptides containing proline serve a more significant function in nutrient acquisition. The uptake of proline by a passive diffusion system (or by a system that is not saturated by 10 mM proline) was recently reported for Lactococcus spp. (15) . This system was not activated by 0.5 M NaCl. The low-affinity transport system of L. acidophilus IFO 3532 did not function unless the concentration of salt in the buffer exceeded 0.3 M, indicating that the proline carrier is involved in regulation rather than nutrition. It is known that lactobacilli, which are nutritionally fastidious, do not generally require proline as a nutrient (11) . The physiological role of the osmotically activated proline transport system in this nutritionally fastidious Lactobacillus species remains obscure. In MRS medium containing a high salt concentration, only betaine was accumulated to sufficiently high levels to compensate for the increased osmotic pressure (8) . In the same cells, the intracellular proline concentrations increased significantly in response to increased osmotic pressure but only reached approximately 20 mM. Osmocompensatory levels of intracellular proline Were accumulated by these cells only at high extracellular proline concentrations (50 mM). Indeed, under those conditions proline was accumulated at a rate similar to that of betaine and to a final intracellular concentration comparable to that of betaine. Therefore, proline accumulation by this osmoactivated transport system is likely to contribute significantly to the osmotic tolerance of this organism only in media containing relatively high proline concentrations, particularly if betaine is absent. 
